Abstract Loss of liver fatty acid binding protein (L-FABP) decreases long chain fatty acid uptake and oxidation in primary hepatocytes and in vivo. On this basis, L-FABP gene ablation would potentiate high-fat dietinduced weight gain and weight gain/energy intake. While this was indeed the case when L-FABP null (-/-) mice on the C57BL/6NCr background were pair-fed a high-fat diet, whether this would also be observed under high-fat diet fed ad libitum was not known. Therefore, this possibility was examined in female L-FABP (-/-) mice on the same background. L-FABP (-/-) mice consumed equal amounts of defined high-fat or isocaloric control diets fed ad libitum. However, on the ad libitum-fed high-fat diet the L-FABP (-/-) mice exhibited: (1) decreased hepatic long chain fatty acid (LCFA) b-oxidation as indicated by lower serum b-hydroxybutyrate level; (2) decreased hepatic protein levels of key enzymes mitochondrial (rate limiting carnitine palmitoyl acyltransferase A1, CPT1A; HMGCoA synthase) and peroxisomal (acyl CoA oxidase 1, ACOX1) LCFA b-oxidation; (3) increased fat tissue mass (FTM) and FTM/energy intake to the greatest extent; and (4) exacerbated body weight gain, weight gain/energy intake, liver weight, and liver weight/body weight to the greatest extent. Taken together, these findings showed that L-FABP gene-ablation exacerbated diet-induced weight gain and fat tissue mass gain in mice fed high-fat diet ad libitum-consistent with the known biochemistry and cell biology of L-FABP.
Introduction
Liver fatty acid binding protein (L-FABP) is a small 14 kDa soluble protein highly expressed in liver, intestine, and kidney (0.1-0.4 mM) (reviewed in [1] . It has two binding sites for lipidic ligands such as long chain fatty acids (LCFA) or long chain fatty acyl CoAs (LCFA-CoAs) (reviewed in [1] . Studies in vitro, with transfected cells, and in vivo suggest roles for L-FABP in LCFA/LCFA-CoA transport, b-oxidation, esterification, and nuclear targeting (reviewed in [1, 2] . Initial studies of L-FABP function were largely in vitro. Purified L-FABP facilitated extraction of LCFA/LCFACoA from isolated membranes and prevented hydrolysis of LCFA-CoAs as expected from its ability to bind these lipids [3] [4] [5] [6] [7] . Further, L-FABP directly interacted with purified carnitine palmitoyltransferase-1 (CPT-1), the outer mitochondrial membrane enzyme rate-limiting in LCFACoA b-oxidation, as well as prevented inhibition of CPT1 by excess substrate LCFA-CoA [8] [9] [10] . L-FABP also potentiated peroxisomal LCFA oxidation [11] . L-FABP bound LCFA-CoA for stimulating synthesis of phosphatidic acid and cholesteryl ester via GPAT and ACAT, respectively [3] [4] [5] [6] [7] . Finally, L-FABP stimulated delivery of bound LCFA to purified nuclei [12] . The latter proved especially important since L-FABP also directly interacted with peroxisome proliferator activated receptor-a (PPARa) [2, [13] [14] [15] , a key nuclear receptor in hepatic transcription of genes in LCFA b-oxidation (CPT1A, CPT2, ACOX1), LCFA uptake (FATP, L-FABP), and plasma VLDL triglyceride hydrolysis (LPL) [16] [17] [18] [19] .
Real-time imaging of fluorescent LCFA and radiolabeled LCFA studies in transfected cells were also consistent with roles for L-FABP in LCFA uptake, transport, b-oxidation, esterification, and nuclear targeting in living cells. Overexpression of murine or human wild-type L-FABP in transformed L-cell fibroblasts or Chang liver cells, respectively, as well as increased expression of human wild-type L-FABP in HepG2 cells correlated with increased LCFA uptake, intracellular transport, and nuclear targeting [14, [20] [21] [22] [23] [24] [25] [26] [27] [28] . In contrast, overexpression of the human L-FABP T94A variant in Chang liver cells did not increase LCFA uptake [28] . Murine L-FABP overexpression also increased intracellular LCFA transport diffusion [23, 25] , LCFA b-oxidation [29, 30] , peroxisomal oxidation of branched-chain LCFA [30] , LCFA esterification [24, 26, 31] , and LCFA distribution to nuclei [14, 21, 22] .
Since transformed tumor cell lines are dedifferentiated cells that typically exhibit abnormal expression levels of multiple proteins in LCFA and glucose metabolism, the physiological relevance of the above findings remained to be shown. This issue was addressed with cultured primary mouse hepatocytes and in vivo. Western blotting showed that primary mouse hepatocytes maintained constant similar levels (up to 3 days in culture) as liver for proteins in transmembrane transport of LCFA (FATP-5, GOT, FATP-2, FATP-4) [32-34] and cholesterol (SRB1, ABCA1, ABCG1, ABCG5, ABCG8, and NPCL1) [34] , cytosolic LCFA/LCFA-CoA transport (L-FABP, SCP-2) [35] , and nuclear receptors regulating transcription of these proteins (PPARa, PPARb, LXR, and SREBP) involved in expression of these proteins [35] . L-FABP null hepatocytes exhibit decreased LCFA uptake, intracellular transport/ diffusion, b-oxidation, esterification, nuclear targeting, and transcription/protein expression of PPARa-regulated genes in LCFA b-oxidation [34, 36, 37]. Physiological relevance was further solidified by the demonstration that L-FABP gene ablation inhibited hepatic LCFA uptake and oxidation in vivo [1, [38] [39] [40] [41] .
Taken together the above biochemical, cell biological, and mouse studies suggested that loss of L-FABP would increase weight-gain and obesity, especially in the context of a high-fat diet. However, previous studies on the effect of high-fat diet on L-FABP null mice have been conflicting thought potentially due to differences in dietary feeding regimen (pair-fed vs ad libitum with the control being mouse chow) and/or background stain (C57BL/6NCr vs C57BL/6J) (reviewed in [1] . To begin to resolve this issue, our earlier study reported that L-FABP (-/-) mice on the C57BL/6NCr background exhibit exacerbation of weightgain and obesity when pair-fed high-fat diet [42] . The present investigation extended these studies by examining how L-FABP gene ablation impacted the effect of ad libitum-fed high-fat diet on: (1) LCFA b-oxidation; (2) expression of proteins involved in LCFA uptake, intracellular transport, oxidation, esterification, and regulation; (3) whole body and liver weight gain, and (4) distribution between fat tissue mass (FTM) and lean tissue mass (LTM).
Materials and Methods

Materials
Antibodies against ACBP (sc-23474), Acox1 (sc-98499), Cpt1a (sc-31128), Cpt2 (sc-20671), FATP2 (sc-161310), FATP4 (sc-25670), HMGCoA cytosolic (sc-33829), were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Antibodies against FATP-5 (ab89008) were purchased from Abcam (Cambridge, MA). COX IV and GAPDH antibodies were from Life Technologies (Grand Island, NY) and Millipore (Billirica, MA), respectively. Antibodies against PPARa (PA1-822A) were from Pierce Antibodies (Rockford, IL).
Animals
All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at Texas A&M University. L-FABP (-/-) mice were generated by homologous recombination deleting all four exons of the L-FABP gene as we described [38] . L-FABP (-/-) mice were maintained on a C57Bl/6NCr background for at least N11 generations (99.95 % homogeneity). Studies were performed with 8 weeks old female mice because, as compared to the WT L-FABP (?/?) controls, the L-FABP (-/-) females exhibit greater weight gain and fat tissue mass than male counterparts when pair-fed a high-fat diet [42] . Age matched female inbred C57BL/6NCr mice obtained from the National Cancer Institute (Frederick Cancer Research and Developmental Center, Maryland) were used as controls. Up until 1 week prior to the start of the dietary studies, the mice were housed in individual ventilated cages (3-5 animals per cage) with a 12-h light/ dark cycle in a temperature-controlled facility (25°C). The mice had access to a fixed formula rodent diet (Harlan Teklad Rodent Diet 8604, Madison, WI, USA) and water ad libitum. The mice were monitored by the presence of sentinels quarterly and found negative for all known mouse pathogens. Interpretations of results relating to L-FABP function apply specifically to C57BL/6NCr mice and may not reflect the general function of L-FABP among mammals. Likewise, results relating to L-FABP function in female C57BL/6NCr mice may not reflect those in male mice not studied herein.
Diet Composition
Defined high-fat and control pelleted diets were custom prepared by Research Diets, Inc. (New Brunswick, NJ) for this study. Two approximately isocaloric diets, a control and a high-fat diet, were used for ad libitum-fed studies. The custom control diet (# D09010501, Research Diets, Inc., New Brunswick, NJ) was comprised of 20, 70, and 10 kcal% protein, carbohydrate and fat, respectively, with caloric value of 4,057 kcal/1,055.05 g or 3.85 kcal/g diet. This custom control diet consisted of the following modification of the carbohydrate mixture of diet D12450B (Research Diets, Inc., New Brunswick, NJ): corn starch (17 kcal%), maltodextrin 10 (4 kcal%), sucrose (28 kcal%), and fructose (21 kcal%). Fat in the control diet amounted to 5.5 and 4.5 kcal% derived from soybean oil and lard, respectively. The custom high-fat diet (#D09010502, Research Diets, New Brunswick, NJ) was comprised of 20, 55, and 25 kcal% of protein, carbohydrate and fat, respectively, with a caloric value of 4,058 kcal/969.05 g or 4.19 kcal/g. This custom high-fat diet consisted of the following changes to the control diet: (1) an increase in fat from 10 to 25 kcal% which was derived from an increase in the lard content, basically in the form of triglycerides; (2) a decrease in fructose from 21 to 6 kcal%. The change in carbohydrates was used to balance the caloric increase due to higher fat content in order to keep the diet near isocaloric. Since the amount of carbohydrate (glucose and the more lipogenic fructose) is not equivalent in the control and highfat diets, the difference in carbohydrate composition in addition to a difference in fat composition may contribute to the severity of fat mass increase. While this could be a potential confounder in this study, to maintain the high-fat diet isocaloric with respect to the control diet it was necessary to decrease other dietary components such as carbohydrate (as shown herein) or protein (maintained constant herein). The rest of the diet contents remained unchanged. Both diets had very low cholesterol, 0.002 and 0.009 %, respectively, by weight.
Dietary Study
One week prior to the start of the experimental feeding, mice were housed individually in static microisolators with wire grid tops for holding food pellets and switched from the standard rodent chow mix to the defined control diet (D09010501, Research Diets, Inc., New Brunswick, NJ, USA), free of significant amounts of phytoestrogens or cholesterol. Two days before the start of the experimental feeding, mice were examined by dual-energy X-ray absorptiometry (DEXA). For the ad libitum-feeding, all mice were then divided into two groups of 16 mice: L-FABP (-/-) and L-FABP (?/?) with eight mice of each group receiving a high-fat diet (D09010502, Research Diets, Inc., New Brunswick, NJ) and eight mice receiving the low-fat control diet (D09010501, Research Diets). Mice had free access to food and water, food intake and body weight were measured every other day at the same time of day (morning). At the end of the 12-week dietary study, all mice were fasted overnight (12 h) to reduce fluctuations and minimize deviations within each group. Mice were weighed and then anesthetized by intraperitoneal (IP) injection of ketamine (0.1 mg/g body weight) and xylazine (0.01 mg/g body weight). Blood was collected using cardiac puncture and the mice killed by cervical dislocation. DEXA analysis was immediately performed and the liver removed and flash frozen using dry ice and stored at -80°C. Also, serum was isolated and stored at -80°C.
DEXA Analysis
Dual-energy X-ray absorptiometry (DEXA) was performed on the mice using a Lunar PIXImus densitometer (Lunar Lipids (2013) 48:435-448 437 Corp., Madison, WI) to determine the relative proportion of FTM and bone-free LTM as described previously [42, 43] . A phantom mouse with known bone mineral density and FTM was used for calibration. Prior to the initial DEXA analysis 2 days before the feeding study, each mouse was anesthetized as described in the previous section. After the procedure, mice were injected with yohimbine (0.11 lg/g body weight), as well as with warm saline solution for rehydration. During the recovery, the mice were kept warm with heat pads to minimize heat loss with subsequent check-ups every 10 min until the mice had fully recovered. After 12 weeks, the mice were terminated as described above and DEXA was performed again. The data collected at the initiation of the dietary studies was subtracted from the data collected at the termination of the study to calculate the changes in FTM and LTM.
Western Blotting Analysis
Western blotting was performed on liver homogenates to determine the relative liver content of the fatty acid transport proteins (FATP-2, FATP-4, FATP-5, and GOT), ACOX1, SCP-X, p-thiolase, PPARa, CPT1, CPT2, and HMG-CoA synthase with the relative proteins levels expressed as integrated density values. The proteins levels were normalized using either GAPDH or COX IV. Western blot analysis of the intracellular lipid-binding proteins, L-FABP, ACBP, and SCP-2, was performed similarly as described previously except that standard curves were performed using recombinant ACBP, SCP-2, or L-FABP purified as described [44] [45] [46] . Briefly, each liver homogenate isolated from minced liver (aliquots of 10 lg protein) was loaded onto tricine gels (12 %), ran on a Mini-Protean II cell (Bio-Rad lab, Hercules, CA) at 100 V constant voltage for 1.5 to 2 h (30 mA per gel initially). For 2 h, the proteins were transferred to nitrocellulose membranes (Bio-Rad) at a constant voltage of 100 V. The transferred blots were blocked for 1 h with 3 % gelatin in TBST (10 mM Tris-HCl, pH 8, 100 mM NaCl, 0.05 % Tween-20) at room temperature. After several washings with TBST and overnight incubation with the necessary dilutions of primary antibodies (see ''Materials'') in 1 % gelatin in TBST and again washing with TBST, blots were incubated for 2 h at room temperature with a secondary antibody (alkaline-phosphatase conjugate of goat anti-rabbit IgG) diluted 1:4,500 in 1 % gelatin TBST. The TBST washed blot was stained with Sigma Fast 5-bromo-4chloro-3-indolyl phosphate/nitro blue tetrazolim tablets (Sigma, St. Louis, MO), and imaged using an IS-500 system (Alpha Innotech, San Leandro, CA). NIH Image (http://rsbweb. nih.gov/nih-image) was used for densitometric analysis of each blot.
Measurement of Serum b-Hydroxybutyrate b-Hydroxybutyrate (3-HB), a ketone body created in the liver from acetyl CoA produced by LCFA b-fatty oxidation, was used as a gauge of fatty acid oxidation in the liver [38, 40, 41, 43] . The levels of b-hydroxybutyrate in the serum were measured using b-hydroxybutyrate LiquiColor Test (StanBio Laboratory, Boerne, TX) according to the manufacturer's protocol where the resultant enzymatic reaction was measured spectrophotometrically at 505 nm. 
Statistical
Results
Effect of L-FABP Gene-Ablation on Food Consumption in Ad Libitum-Fed Diets
Food consumption for each mouse was measured over the 12 weeks period (see ''Methods'') and the cumulative mass (g) and caloric (kcal) intake of control or high-fat diets were plotted ( Supplementary Fig. 1 ). WT L-FABP (?/?) mouse total food consumption and thus the caloric intake was similar between the ad libitum-feeding of the high-fat ( Supplementary Fig. 1b, d ) and the control ( Supplementary  Fig. 1a , c) diets. L-FABP gene-ablation did not significantly affect total mass or caloric intake of control or highfat diet consumed under the ad libitum-fed conditions. Thus, L-FABP (?/?) and L-FABP (-/-) mice consumed the same amount of food (mass or energy) whether it was control or high-fat diet. were higher for L-FABP (-/-) mice fed either diet ad libitum (Fig. 1a, b) . However, quantitatively the final body weights were highest in L-FABP (-/-) mice fed the high-fat diet ad libitum. This effect was especially prominent when data were expressed as % gain in body to account for any slight differences in initial body weights between mouse groups (Fig. 1a, b) .
To determine if the above effects of L-FABP gene ablation together with ahigh-fat diet on increased body weight and weight gain resulted in enlarged livers, liver weights and liver weight/body weight were calculated. In L-FABP (-/-) mice ad libitum-fed the high-fat diet, the liver weight (supplementary Fig. 2a ) and liver weight/body weight (supplementary Fig. 2b) were both significantly increased. This indicated that in the context of ad libitumfeeding a high-fat diet, the loss of L-FABP increased not only body weight, but even more so liver weight.
Thus, the L-FABP (-/-) mice fed a high-fat diet ad libitum were about 20-25 % heavier than the WT mice. L-FABP gene ablation did not protect the mice from increased body weight gain. In fact an ad libitum-fed highfat diet exacerbated the gain in body weight, weight gain/ energy intake, liver weight, and liver weight/body weight in L-FABP (-/-) mice.
Effect of L-FABP Gene-Ablation on the Rate of Body Weight Gain in Mice Ad Libitum-Fed Control or High-Fat Diet When examined over time on the respective diets, in WT L-FABP (?/?) mice ad libitum-fed a high-fat diet, the weight gain (Fig. 2b vs a, solid circles) was faster and cumulative weight gain was also higher (Fig. 2d vs c , solid circles) as compared to the control-diet mice. While L-FABP gene ablation did not significantly alter weight gain or cumulative weight gain in control-diet fed mice, this was not the case in L-FABP (-/-) mice with an ad libitum-fed high-fat diet. L-FABP gene ablation exacerbated the rate of weight gain ( Fig. 2b vs a, open circles) and cumulative weight gain (Fig. 2d vs c, open circles).
Thus, on control diet, energy utilization was not different between the WT L-FABP (-/-) and L-FABP (-/-) mice. However, energy utilization of high-fat diet was more efficient in L-FABP (-/-) mice as evidenced by greater weight gain (total and per kcal).
Effect of Diet and L-FABP Gene-Ablation on Fat and Lean Tissue Mass in Ad Libitum-Fed Mice
To determine if the increased body weight of L-FABP (-/-) mice, especially those on a high-fat diet, was due to increased LTM or FTM, the mice were examined by noninvasive dual emission X-ray absorptiometry (DEXA) and analysis as in ''Materials and Methods''.
Representative DEXA images of L-FABP (?/?) (supplementary Fig. 3a, b) and L-FABP (-/-) ( Supplementary  Fig. 3c, d ) mice on control and high-fat diets, respectively, suggested that the L-FABP (-/-) mice fed a high-fat diet were more obese. Quantitative analysis of multiple DEXA images showed that in the ad libitum-fed mice on the control diet there was no significant difference in either the LTM or the FTM resulting from L-FABP gene-ablation (Fig. 3a) . On the high-fat diet, the L-FABP (-/-) mice had a higher proportion of the increased body weight distributed as FTM with little change in the LTM (Fig. 3b) . Due to the similarity in food consumption, similar results were obtained when the data were corrected for total caloric intake ( Fig. 3c, d) .
Thus, when ad libitum-fed a high-fat diet, the L-FABP (-/-) mice deposited more fat and more efficiently utilized dietary fat as suggested by the data presented in Figs. 1 and 2. Since the liver is a key organ in fatty acid uptake, oxidation, and secretion as VLDL, the possibility that the impacts of L-FABP gene ablation on increased body weight and FTM may be associated with altered expression of integral membrane LCFA transport proteins was examined by Western blotting. Two integral membrane LCFA transporters enhance LCFA uptake across the hepatic plasma membrane, fatty acid transport protein-5 (FATP-5) and glutamic-oxaloacetic transaminase (GOT) [47] [48] [49] [50] . Although localized in hepatic peroxisomal membranes, fatty acid transport protein-2 (FATP-2) and fatty acid transport protein-4 (FATP-4) also enhance hepatic fatty acid uptake [47] .
High-fat diet fed ad libitum increased the expression of FATP-2 ( Fig. 4a) and GOT (Fig. 4d) , but not the other [46, [53] [54] [55] [56] [57] .
As shown by quantitative Western blotting, the wildtype mouse hepatic mass levels of these cytosolic LCFA/ LCFA-CoA binding proteins was in the order L-FAB-P [ ACBP ) SCP-2 (Fig. 5) . L-FABP gene ablation reduces liver cytosolic LCFA and LCFA-CoA binding capacity by 80-90 % [38, 39] . Further, L-FABP overexpression increases while ablation decreases cytosolic L-FABP transport/diffusion [23, 25, 36] . Taken together these data suggested that L-FABP is the major LCFA/ LCFA-CoA binding protein in liver. Under ad libitumfeeding regimen, high-fat diet slightly decreased the level of L-FABP in wild-type L-FABP (?/?) mice (Fig. 5a) while that of ACBP and SCP-2 was unaltered (Fig. 5b, c) . L-FABP gene ablation resulted in complete loss of L-FABP (Fig. 5a ) concomitant with slight increases in ACBP and SCP-2 on control diet, but a twofold-increased level of SCP-2 on the high-fat diet (Fig. 5b, c) .
Taken together with the relative mass levels of these cytosolic LCFA/LCFA-CoA binding proteins (i.e. L-FABP [ ACBP ) SCP-2), these data indicated that the increased body weight and body weight/energy intake noted in L-FABP (-/-) mice ad libitum-fed a high-fat diet was not due to massive upregulation of ACBP or SCP-2 concomitant with loss of L-FABP. (Fig. 6c ), but not CPT1A or CPT2 (Fig. 6a, b) . L-FABP gene ablation decreased the level of CPT1A, the rate limiting enzyme in mitochondrial LCFA b-oxidation (Fig. 6a) as well as HMG-CoA synthase ( [1, 30, 36, 58, 60, 61] . Therefore, it was also important to determine the impact of diet-type and feeding regimen on L-FABP-mediated expression of peroxisomal LCFA oxidative enzymes. Western blotting as described in ''Materials and Methods'' was used to determine the levels of three enzymes involved in peroxisomal fatty acid oxidation, acyl CoA oxidase-1 (ACOX1, the rate limiting enzyme in peroxisomal b-oxidation of straight-chain fatty acids) and two thiolases, sterol carrier protein-x (SCP-x) and p-thiolase. An ad libitum-fed high-fat diet did not increase transcription of ACOX1 (Fig. 7a, black) , SCP-x (Fig. 7b, black) , or p-thiolase (Fig. 7c, black) . The hepatic level of ACOX1, but not SCP-x or thiolase, was increased in L-FABP (-/-) mice fed the control diet ad libitum (Fig. 7a-c) . In contrast, the hepatic level of ACOX1 was significantly decreased (Fig. 7a) , that of SCP-x increased (Fig. 7b) , and that of p-thiolase unaltered (Fig. 7c) when the L-FABP (-/-) mice were ad libitum-fed a high-fat diet.
Thus, these findings were consistent with attributing the higher gain in body weight and weight/energy intake in L-FABP (-/-) mice fed a high-fat diet ad libitum as being due in part to reduced expression of ACOX1, the rate limiting enzyme in peroxisomal LCFA b-oxidation. Since L-FABP is a PPARa-regulated gene and L-FABP binds to and induces PPARa transcriptional activity [2, 13-15, 59, 61, 62] , it was important to determine the impact of diet type and regimen on hepatic level of PPARa. Wildtype L-FABP (?/?) mice ad libitum-fed the control diet had unaltered expression of PPARa (Fig. 8, black) . In contrast, L-FABP gene ablation decreased the hepatic PPARa level in mice fed the control diet while increasing that in mice fed the high-fat diet ad libitum (Fig. 8) .
Taken together, these data indicated that an altered hepatic level of PPARa in L-FABP (-/-) mice fed the control diet ad libitum did not significantly contribute to reduced expression of PPARa-regulated enzymes rate limiting in LCFA b-oxidation (i.e. CPT1A, ACOX1). Likewise, since the hepatic level of PPARa was in increased in L-FABP (-/-) mice fed the control diet ad libitum, this again did not significantly contribute to reduced expression of PPARa-regulated enzymes rate limiting in LCFA b-oxidation (i.e. CPT1A, HMG-CoA synthase, ACOX1). These data suggested that, under ad libitum-feeding regimen, reduced expression of key LCFA b-oxidative enzymes and lower LCFA b-oxidation was associated with loss of L-FABP's ability to activate PPARa rather than with reduced hepatic level of PPARa in L-FABP (-/-) mice.
Discussion
L-FABP's involvement in hepatic fatty acid oxidation in vivo has been shown by studies using L-FABP geneablated mice. Regardless of whether back-crossed to C57Bl/6NCr background as described herein or C57Bl/6J background as described by others, L-FABP (-/-) mice fed the control-chow ad libitum exhibited decreased hepatic LCFA uptake, cytosolic LCFA binding capacity, LCFA b-oxidation (mitochondrial, peroxisomal), and peroxisomal branched-chain LCFA oxidation [1, 30, 38, 40, [1, 63, 64] . To control for LCFA utilization by other tissues, organ-specific cross talk, or endocrine influences [65] , when the above experiments were also performed with cultured primary mouse hepatocytes from L-FABP (-/-) mice on the C57Bl/6NCr background the loss of L-FABP recapitulated the in-vivo described decrease in LCFA uptake (both straight and branched chain LCFA), intracellular LCFA transport, straight chain LCFA b-oxidation, and branched-chain LCFA oxidation [33, 36, 58] . Further, LCFA nuclear targeting and expression of PPARa-regulated proteins in LCFA b-oxidation was decreased in cultured primary hepatocytes L-FABP (-/-) hepatocytes from L-FABP (-/-) mice on the C57Bl/6NCr background [13, 37, 52, 58] . Taken together, these findings suggest that regardless of the background strain the loss of L-FABP would result in diversion of LCFA from liver to adipose tissue for increased FTM and weight gain-especially in mice fed the high-fat diet ad libitum-thereby resulting in dietinduced obesity. While this expectation was borne out in L-FABP (-/-) mice on the C57Bl/6NCr background pairfed high-fat diet, the opposite observation was obtained with L-FABP (-/-) mice on the C57Bl/6J background ad libitum-fed the high-fat diet or C57Bl/6J mice treated with L-FABP antisense (reviewed in [1, 66] . The results presented herein addressed the possibility that the opposite phenotypes of the L-FABP (-/-) mice might be due, at least in part, to differences in diet-type (control-chow versus the high-fat diet) and dietary regimen (pair-fed versus ad libitum-fed). The data contributed the following new insights. First, L-FABP gene-ablation decreased fatty acid oxidation in mice on the C57BL/6NCr background. L-FABP gene ablation decreased LCFA b-oxidation regardless of whether the mice were ad libitum-fed as described herein or pair-fed [42] , especially when fed high-fat diet. The decreased LCFA b-oxidation was not due to a reduction of PPARa level, but rather was associated with reduced expression of PPARa-regulated genes, especially those in LCFA b-oxidation. This was consistent with the fact that CPT1A, CPT2, HMG-CoA synthase, and ACO1 are all enzyme regulated by PPARa itself [16] [17] [18] [19] and L-FABP in turn interacts with and facilitates ligand-mediated PPARa transcriptional activity [2, [13] [14] [15] . The largest decreases in levels of hepatic b-oxidative enzymes (CPT1A, HMG-CoA synthase, ACOX1) upon L-FABP gene-ablation were in mice fed high-fat diet-regardless whether fed ad libitum as shown herein or pair-fed [42] . Although expression of CPT2 was unaltered in ad libitum-fed L-FABP (-/-) mice (shown herein), it was increased upon pair feeding [42] . However, this protein is not rate limiting in mitochondrial LCFA boxidation. Taken together, these findings suggested that reduced LCFA b-oxidation would divert LCFA to pathways leading to increased fat storage and weight gain.
Second, L-FABP (-/-) mice on the C57Bl/6NCr background exhibited higher FTM when fed high-fat, but not control, diet. L-FABP gene ablation increased FTM in both ad libitum-fed as described herein and pair-fed [42] high-fat diet regimens. Thus, rather than protecting mice from high-fat diet-induced increases in FTM, loss of L-FABP in mice on the C57Bl/6J background significantly increased the FTM and FTM/energy intake with the extent depending on both diet type and dietary regimen. It is important to note that L-FABP gene ablation did not diminish either intestinal LCFA uptake or muscle utilization of LCFA (reviewed in [1, 63, 64] . Thus, the increased FTM is consistent with the fact that L-FABP gene ablation reduced hepatic LCFA b-oxidation as shown herein and earlier by our and other labs [1, 30, 38, 40, 41] . Taken together these data suggest that the increased FTM in L-FABP (-/-) mice fed in high-fat diet would lead to increased weight gain/obesity.
Third, L-FABP (-/-) mice on the C57BL/6NCr background exhibited high-fat diet-induced obesity. L-FABP gene ablation resulted in greater weight gain and adiposity in both ad libitum-fed as described herein and pair-fed [42] high-fat dietary regimens. Thus, the high-fat diet fed L-FABP (-/-) mice on the C57Bl/6NCr background exhibited increased weight gain/obesity regardless of following the ad libitum-or the pair-fed dietary regimen.
These data with L-FABP (-/-) mice on the C57Bl/ 6NCr background were consistent with the known biochemistry and cell biology of L-FABP which suggested that decreased hepatic LCFA b-oxidation would lead to increased weight gain and FTM in response to a high-fat diet. This was not due to ad libitum-dietary feeding regimen since similar findings were obtained when the L-FABP (-/-) mice were pair-fed the high-fat diet [42] . In contrast, despite similarly decreased hepatic LCFA uptake and decreased hepatic LCFA b-oxidation, L-FABP (-/-) mice on the C57Bl/6J background were protected from diet-induced weight gain (reviewed in [1] . Several other factors have been considered as potentially contributing to these phenotypic differences between L-FABP (-/-) mice on the C57BL6NCr versus C57BL6J backgrounds: (1) strain differences are a likely and important contributor to the opposite whole body phenotypes noted between the two L-FABP (-/-) mouse models. For example, the wild-type C57BL/6J (Jackson Labs) mice are more susceptible to high-fat diet-induced obesity than the C57Bl/6NCr mice (from the National Cancer Institute, Frederick Cancer Research and Developmental Center, Maryland) used herein (JAX NOTES, Issue 511, Fall, 2008, http://jaxmice. jax.org/jaxnotes/511/511n.html) [67] [68] [69] . The C57BL/6J mouse strain exhibits a nicotinamide nucleotide transhydrogenase (Nnt) gene mutation removing five exons and reported as leading to higher weight gain and higher nonfasting plasma glucose when fed a high-fat diet (JAX NOTES, Issue 511, Fall, 2008, http://jaxmice.jax.org/ jaxnotes/511/511n.html). Other genetic polymorphisms among the C57BL/6 substrains have also been reported [70, 71] and a panel of 95 markers of which 93 distinguish C57BL/6J from C57BL/6NCrl has been developed to solely distinguish C57BL/6 substrains. (http://www. taconic.com/user-assets/Documents/Library/B6SNPs_AAL AS2010.pdf; [72] ). Behavioral differences potentially related to these genetic variations have also been indicated among the different C57BL/6 substrains [73] . (2) Differences in design of constructs used to ablate the L-FABP gene have been considered but are less likely to contribute to the opposite phenotypes. For example, the L-FABP null mice on C57BL/6J background were created using a vector that resulted in overexpression of a green fluorescent protein (GFP), but normal wild-type C57BL/6J mice not overexpressing GFP were used as controls [41] . GFP has been observed in vitro to be an electron donor to acceptors like nicotinamide adenine dinucleotide, flavin adenine dinucleotide, and cytochrome c as well as flavin mononucleotide [74] . These electron acceptors are intimately involved in LCFA metabolism (reviewed [1] . Despite these differences, however, a similar phenotypes were observed when L-FABP was downregulated by L-FABP antisense treatment of C57Bl/6J mice as compared to L-FABP gene ablation in C57Bl/6J mice [63, 66, 75] ; (3) differences in back-cross generation number did not account the phenotypic differences between the two L-FABP KO mouse models [76] ; (4) while differences in intestinal microbiota have also been suggested as a potential contributor to the divergent whole body phenotypes of L-FABP (-/-) mice on the two genetic backgrounds, there is as yet no evidence addressing this point (reviewed in [1] . Taken together these Lipids (2013) 48:435-448 445 findings indicated the potential differences in background strain as the most likely contributor to the differences in whole body phenotypes noted between L-FABP (-/-) mice on the C57Bl/6NCr versus C57Bl/6J backgrounds. Since other investigators have now backcrossed our L-FABP (-/-) mice on the C57Bl/6NCr background to the C57Bl/6J background for 10 generations [64] , future studies beyond the scope of the present investigation may allow investigators to further address this issue, possibly identifying additional gene(s) interacting with the L-FABP gene to impact the whole body phenotype. While differences in background strains may complicate the comparison and interpretation of the results between the two L-FABP KO models under various dietary stresses, they offer the opportunity to further explore the roles of subtle genetic differences that contribute to diet-induced weight gain and obesity. In summary, the diet-induced increased weight gain, weight gain/energy intake, and FTM of L-FABP (-/-) mice on the C57Bl/6NCr background were consistent with a wealth of evidence of L-FABP's role with LCFA uptake, intracellular transport, oxidation, and regulation obtained in vitro, in cultured cells overexpressing L-FABP, in cultured primary hepatocytes, and in vivo. Furthermore, the results herein were consistent with the reported higher weight gains involving adipocyte fatty-acid binding protein (A-FABP) and intestinal fatty-acid binding protein (I-FABP) gene-ablated mice [77, 78] . Such studies help underscore the role of L-FABP and other FABPs with dietary fat intake and the potential for profound effects resulted from protein modifications. 
